Recently developed INCONELe alloy 783 (nominal composition of Ni-34Co-26Fe-5.4A1-3Nb-3Cr) is precipitation strengthened by N&Al-type y' and NiAl-type S phases. Due to its low coefficient of thermal expansion, high strength, and good oxidation resistance, alloy 783 is used for casings and bolting applications in gas turbines. During thermomechanical processing (TMP), the high Al content in alloy 783 results in the formation of S phase in an austenite matrix. The size and distribution of S phase governs the microstructure of the alloy. Therefore, optimization of TMP is critical for microstructure and mechanical properties. This study presents the effect of TMP on fatigue crack growth in alloy 783, especially in time-dependent condition.
Introduction
Over the past twenty years, high strength low coefficient of thermal expansion (low CTE) superalloys, such as INCOLOY@ alloy 903, 907, and 909, have been used for compressor cases, rings and shrouds to enable higher efficiency of gas turbine engines through tighter control of blade ti 1-r clearances over the range of turbine operating conditions . The ferromagnetic characteristic below the Curie points of these alloys is responsible for thermal expansion coefficients lower than observed in paramagnetic alloys. These Ni-Fe-Co base alloys also have very low chromium content, as added Cr lowers the Curie pmperature and thereby increase overall thermal expansion rate . However, low content of Cr makes these alloys susceptible to stress accelerated grain boundary oxidation (SAGBO). INCONEL alloy 783 was developed to have low CTE and superior,SAGBO and surface oxidation resistance than comparable alloys -.
Relative to the INCOLOY Alloy 900-series of low CTE superalloys, alloy 783 with Al above 5% employs a three-phase microstructure (7+-B) to control mechanical properties, SAGBO and oxidation resistance. Fine y' (N&Al, Nb) precipitates form at low temptrature aging treatments and provide adequate alloy strength . The formation of the unique p phase (NiAI) is responsible for the improvement in SAGBO and oxidation resistance. The p phase is made possible by the high Al content in this alloy. Since S particles are heterogeneous and precipitate both in the grain boundaries and intrangranularly in the dislocation networks, thermomechanical processing (TMP) can be utilized to control their precipitation kinetics and thereby control the properties and microstructure of this alloy. Early work has shown that TMP has a significant effect on microstructure and room temperature properties of alloy 783 6. The present study investigates how TMP affects fatigue crack propagation in this alloy. @ INCONEL and INCOLOY are trademarks of the Special Metals family of companies.
Material and experimental procedure
The INCONEL alloy 783 used in this study was supplied from regular production material by Special Metals Corporation, Huntington, WV. An ingot of 500mm diameter was vacuum induction melted (VIM) and vacuum arc remelted (VAR) using standard superalloy melting practices. The ingot chemical analyses are given in The precipitation temperature of two major phases in alloy 783, y' (N&Al) and l3 (AINi), is respectively from 600°C to 800°C and from 700°C to 1140°C ', *, 6. Therefore, TMP of this alloy is usually performed in the 0 precipitation temperature range to employ the p precipitates for structure control. Upon homogenization, the ingot was converted into billet in flat bar form at 1120°C. The received flat bar for this study was rolled to 19mm at 1095"C, which was designated as the primary rolling (HRO). This piece was used as a reference for the other three TMP procedures, which received a final rolling at specified rolling temperatures. Once the rolling temperature was reached, the plate was hot rolled at a 50% reduction ratio to 9.5mm thick. The first TMP rolling (HRl) was set at 870°C, which is above the y' solvus, but still at the bottom of the l3 precipitation zone. The second rolling temperature (HR2) was chosen at lOlO"C, which falls in the middle of the p precipitation zone. A last section (HR3) was rolled above the l!I solvus at 1150°C. Table II summarizes all TMP schemes used in the present work.
Specimens were machined from all the plates receiving the different TM schedules in the longitudinal direction, and received a direct aging heat treatment as follows: 843"C/4h, air cool + 720°C/8h, furnace cool at 55Whr to 62O"C, hold at 620°C for 8 hours then air cool. The direct age, which eliminates the solution annealing, can markedly show the effect of TMP processing. Fatigue crack propagation (FCP) tests were conducted at room temperature, 300°C 45O'C and 600°C respectively by using single edge-notched tension specimens. Crack length was monitored continuously by a D.C potential drop system. A MTS servohydraulic system equipped with the quartz light heaters heated the specimens to temperature to an error of around f6'C. This test system can be completely monitored by a computer during the FCP test for either constant stress intensity factor mode or constant load mode. A sinusoidal fatigue cycle of IO Hz was adopted to examine the crack propagation under pure fatigue. A slower fatigue cycle of l/3 Hz was used to measure the effect of frequency on FCP. A third fatigue waveform consisting of a l/3 Hz sinusoidal fatigue cycle and 100 seconds hold time at the maximum load of each cycle was also used, which usually results in time-dependent crack gto:th for several superalloys during elevated temperature fatigue .
FCP tests for every TMP specimen were conducted at constant stress intensity factor (AK) mode, Kmax = 28 MPa.\lm. The maximum-minimum load ratio (R) was kept at 0.05 in all waveforms. FCP tests were performed continuously from high temperature to low temperature, and from high frequency to low frequency. All specimens were precracked under fatigue condition of Kmax = 28 MPadm, R= 0.05, f = 10 Hz and room temperature.
Each specimen was broken into halves when the test was finished. Many beach marks associated with the change of test temperature were observed on the fracture surface as seen in Figure 1 . The measurement of beach marks was made for cracklength and AK value calibration. The linear regression was employed to calculate crack growth rate based on crack length vs. number of cycle's results.
Metallographic
samples were prepared using conventional mechanical grinding and polishing procedures according to standard laboratory practices. Kalling's reagent consisting of 6 gm CuC12, 100 ml HCI, 100 H20, and 100 ml CH,OH was used to reveal the microstructure. Scanning electron microscopy was used to examine the fracture surfaces of every sample. Figure 2 illustrates the microstructure of the alloy after TMP and direct aging. As expected, due to the high rolling temperature and no secondary deformation, the sample hot rolled at 1095°C (HRO) shows typically equiaxed recrystallized grains, with a grain size of ASTM 12-13, as seen in Figure 2 (a). However, samples hot rolled at 870°C (HRI) and 1OlO'C (HR2) exhibit hot worked microstructure containing elongated l3 particles and stringers, as seen in Figure 2 
Results

Microstructure
For the 87O'C rolled material (HRl) as seen in Figure 3 (a), the crack growth rate for the 100 second hold test is 5 times higher than for the 10 Hz and l/3 Hz tests, wherein the crack growth rate keeps constant. This is so called time-dependent fatigue crack growth and the phenomenon has been documented well in other alloys 'o-'2. However, for the 1150°C rolled material (HR3), the crack growth rate for the l/3 Hz test is dramatically higher than for the other two conditions as illustrated in Figure 3 (b). These observations will be discussed later.
Crack growth rates at different temperatures as a function of cycle period are shown in Figures 4 (a) to (d). Crack growth rates at 450°C and 600°C for material tested using the 100 second hold time rate is 5-10 times higher than for the 10 Hz and l/3 Hz for the materials rolled at 1095°C (HRO) and 870°C (HRl). The difference in growth rate at those test temperatures is less pronounced with varying cycle times for the specimens rolled at 1010°C (HR2). However, for 1150°C rolled material (HlU), the crack growth rate at 6OO'C during the 100 second hold time test is significantly lower than in the case of the 10 Hz and l/3 Hz tests. Further, the crack growth rate of 115O'C rolled specimen (HR3) during the 100 second hold test is also considerably lower than that for the specimens rolled at lOlO"C, 1095'C, and 870°C. These findings demonstrate that an increase in the hot working temperature significantly decreases the time-dependent fatigue crack growth at 6OO'C for alloy 783. Crack growth rates at 300°C and room temperature for the specimens rolled at 1095'C and 1150°C were comparable for all three test conditions. This illustrates that at lower temperatures, crack growth is independent of rolling temperature, test frequency, and hold time. Fully understanding the relationship between microstructure and crack growth can provide the potential method to improve component life and enhance service temperature. Table III shows the data used in Figure 4 .
Discussion
The effects of TMP on the microstructure and room tensile strength of allo 1-B 783 as well as the TTT diagrams have been well documented . In addition to the strengthening y' precipitates developed during low temperature aging treatments, many precipitate phases may exist in the hot rolling temperature range. The equilibrium precipitation phase, /3 phase, has a solvus temperature around 114O'C. Since the p phase would not be coherent with the fee matrix phase, they prefer to nucleate and grow along the defect sites in the alloy. Therefore, for HRl and HR2, grain boundaries and dislocation networks are commonly decorated by the numerous p precipitates as seen in Figure 1 (b) and (c). As a result, the recrystallization will not easily take place during hot rolling because of retardation of p phases, and the structure consists of elongated, uncrystallized grains. However, when the hot rolling temperature is close to or above the l3 solvus, the recrystallization will occur during or after hot rolling. For HR3, dynamic recrystallization produced a very tine grain size with a serrated grain boundary structure. Some residual strains still remain due to the high deformation amount. In HRO, since the hot rolling reduction ratio is relatively low, there is a very fine equiaxed grain structure without deformation flow lines and with a serrated grain boundary structure.
605
Comparison of crack growth rates among four TMP microstructures are replotted in Figure 5 , wherein transverse axis represents the temperature of TMP, with the origin point representing the HRO processing. At a cycle-dependent stage, e.g. 10 and l/3 Hz frequencies, four TMP specimens have a similar crack growth rate, which is simply determined by the pure gechanical driving force such as crack opening distance (COD) . However, at hold time loading, the crack growth rate is drastically decreased with an increase of TMP temperature, i.e. the microstructure can have an extensive effects on FCP under the time-dependent condition. The fundamental mechanism causing the time-dependent crack propagation has been studied extensively. Conventionally three categories of theories, which are environmental effer;ts; creep cracking effects, and strain rate effects respectively -, have been proposed to explain the acceleration of crack growth under the time-dependent testing condition. Of course, complete separation of these three mechanisms may be impossible, while one of them generally becomes dominant in some alloys. Based on data generated in vacuum and other aggressive or inert gaseous environment for some superalloys, 'l-13, "-" the environmental effect is believed to play the major role at elevated temperature crack growth. But the detailed mechanism of environmental effects is still not clear. In air, oxygen is the particular species responsible for the environmental effect. Presumably slow fatigue frequency allows oxygen atoms to be transported through the crack tip and to embrittle the grain boundaries ahead of the crack front. As a consequence, crack propagation is accelerated due to oxygen diffusion into grain boundaries ahead of the crack tip, and then time-dependent crack propagation occurs. It is important to note, however, that an environment, which can increase the crack growth rate under fatigue and creep loads, usually, does not produce significant general attack in unstressed materials. Thus, the stress assisted grain boundary oxidation (SAGBO) mechanism is considered to be responsible for time-dependent crack growth in this current study. It has been verified in alloy 718 that the SAGBO mechanism can cause the formation of a damage zone ahead of the crack tip during hold time of a sustained load. The damage zone, the size of which is a function of hold time, temperature, oxygen partial pressure, and stress intensity factor, can induce intergranular fracture and accelerate the crack growth rate "-"* 20. Therefore, based on the SAGBO mechanism and damage zone model, a phenomenological explanation for the observed crack Therefore, based on the SAGBO mechanism and damage zone model, a phenomenological explanation for the observed crack growth behaviors in different TMP specimens of alloy 783 is proposed. When the fatigue frequency is high, e.g., IO and l/3 Hz, the crack growth rate is cycle-dependent and is determined by the cyclic stres;s intensity (AK), with only a limited effect of microstructure . Lowering the frequency will enable oxygen diffusion to the grain boundaries producing a damage zone ahead of the crack tip. The damage zone causes intergranular fracture during crack growth and therefore accelerates the growth rate. This may explain the faster crack propagation rate observed with hold time for the 1095°C and 87O'C hot worked specimens (HRO and HRI) tested at 450°C and 600°C. Fractographs of these specimens show completely intergranular fracture as seen in Figure 6 . It should be noted that the fracture surface of the HRI specimen in Figure 6 (b) exhibits large amounts of precipitates along the grain boundary areas and fluctuated fracture paths. These precipitates are believed to be p phases, which may retard the crack propagation during intergranular fracture and decrease the effects of oxidation on the grain boundary and matrix '-** *'. Also, the residual strain structure referred to as stringers, which are dislocation networks and segregation of p phase, can provide the preferential sites for oxygen diffusion during the build-up of the damage zone. The combination of the above effects is expected to enhance the time-dependent fatigue crack growth resistance. Thus, the crack growth rate of the HRI specimen would be lower relative to the HRO specimen during timedependent fracture.
It is interesting to note that specimens rolled at 1010°C had many secondary parallel cracks as seen in Figure 7 (a). These secondary cracks were in the primary crack propagation direction with the interspacing about lOOurn, which is almost equal to the distance between parallel 8 phase stringers as shown in Figure I (c). These 8 phase stringers presumably provide preferential oxygen absorption sites resulting in embrittlement and secondary cracking along the stringers. In this type of cracking, stress concentration at the crack tip can be released to form multiple parallel cracks, which will not show a time-dependent behavior under cyclic-loading '*. High magnification fractograph of the secondary crack areas show that the fracture mode is predominantly transgranular, and the fracture surface is covered by many particles (mostly l3 phase) and is relatively rough as shown in Figure 7 (b).
Secondary cracks were also found in the specimen hot rolled at 1150°C (HR3) as shown in Figure 8 . Interspacing of these cracks was approximately 5-lOurn. The fracture surface demonstrates an obvious border between tests of hold time at 600°C and high frequency (IO Hz) at 450°C. There exist many secondary cracks in hold time specimen tested at 600°C. High magnification micrographs of these areas exhibits an intergranular fracture path and a ductile appearance with many dimples as seen in Figure 8 (b). However, in the high frequency specimen tested at 450°C the fracture mode is typically of a microvoid nature. The ductile fracture feature in material hot rolled at 1150°C (HR3) in hold time condition could be ascribed to the serrated boundaries in this material induced by TMP as shown in Figure 2 2. A deformed grain structure without recrystallization and with a large number of p phase particles distributed within the grain increases the resistance to crack propagation under timedependent condition. The appearance of secondary cracks weakens the effects of the time-dependent behavior on the crack growth rate, together with a change of fracture mode.
3. The introduction of grain boundary serration produced by TMP can significantly improve the resistance to fatigue crack propagation under time-dependent condition. 4. SAGBO and an environmentally induced damage zone at the Reference crack tip are believed to play a major role in time-dependent fatigue propagation in alloy 783 at elevated temperatures.
